ABSTRACT: We studied the sensitivity of reference evapotranspiration (ET o ) to global warming in Spain at the end of the 21st century. The FAO-56 Penman-Monteith equation was used to estimate ET o , and we examined the sensitivity of the latter to changes in temperature and relative humidity. Changes in stomatal resistance in response to increased CO 2 concentration were not evaluated, nor were the changes in wind velocity and solar radiation. Different scenarios were used for estimation of future . Four scenarios were simulated that considered the variations in linear tendency of the maximum and minimum temperatures and maximum and minimum relative humidities. The trends of the 4 scenarios were incorporated with the data from 338 agrometeorological stations to estimate future ET o . In all cases, there was an annual increase in ET o of 11, 21, 36 and 7% above the annual ET o (1196 mm) for Scenarios 0, 1, 2 and 3, respectively. The river basin most affected by these changes was the Ebro River valley. The most affected months
INTRODUCTION
Global warming due to the enhanced greenhouse effect is expected to cause major changes in various climatic variables, such as precipitation, absolute humidity, net terrestrial, solar radiation and temperature (IPCC 2007) . Atmospheric temperature is the most widely used indicator of climatic changes both on global and regional scales, and global land-surface air temperatures have increased in the Northern Hemisphere by 0.3°C decade -1 from 1979 to 2005 (Hansen et al. 2001 , Smith & Reynolds 2005 , Brohan et al. 2006 , Lugina et al. 2007 ). According to Brunet et al. (2007) , the annual daily mean temperature in Spain, estimated by linear trend, has increased by 0.48°C decade -1 from 1973 to 2005. The combination of 2 separate processes, where water is lost from the soil surface by evaporation and from the crop by transpiration, is referred to as evapotranspiration. Hydrological parameters such as precipitation, evapotranspiration, ground water and soil moisture are likely to change with climate (Gleick 1986) , and the impact of climate change on evapotranspiration rates is important for hydrologic processes and, hence, water resources planning. Crop water requirements depend upon several climatic parameters, including rainfall, radiation, temperature, humidity and wind speed. Therefore, any change in climatic parameters due to global warming will also affect evapotranspiration (Goyal 2004) . Global warming in arid and semiarid regions is expected to increase dry conditions over southeastern Spain, which is already characterized by a 5 to 7 mo dry season. Decreases in rainfall have been observed over the Iberian Peninsula since the early 1960s (Palutikof 2003) , but increases have been noted in the northern coastal regions of Spain (Esteban-Parra et al. 2003) . Esteban Parra et al. (2003) have reported significant increases in mean annual and seasonal temperatures during the 20th century. Changes in climate along the Mediterranean coast have received particular attention in the literature owing to their potential impact on water resources in the region (De Luís et al. 2000 , Ramos & Martínez-Casasnovas 2006 , Bürger et al. 2007 , Martínez et al. 2007 .
Globally, data consisting of direct measurements of actual evapotranspiration are limited. An indirect way to obtain estimates of evapotranspiration is the evaporation rate from pans filled with water, known as pan evaporation (E pan ). Trends in E pan have been reported with different conclusions depending on the region studied. In Israel, Cohen et al. (2002) showed ascending tendencies in E pan in the central coastal plain, and Da Silva (2004) also found ascending trends in the northeast of Brazil. However, Roderick & Farquhar (2004) in Australia, Tebakari et al. (2005) in Thailand, Qian et al. (2006) and Xu et al. (2006) in China and Burn & Hesch (2007) in Canada all reported decreasing trends in E pan . Jhajharia et al. (2009) found both decreasing and increasing tendencies in E pan in northeast India, depending on the location of the station. Decreases in E pan have been attributed to decreasing surface solar radiation and wind speed , and increases in cloud cover, greater air pollution and higher concentrations of atmospheric aerosols (Liepert 2002 , Liepert et al. 2004 . Roderick & Farquhar (2002) observed a decrease in E pan , and they related this to the decreases in solar irradiance and the associated changes in diurnal temperature range and vapour pressure deficit observed by other authors. In various European regions, the decreasing water requirement of the crops can be attributed to a shorter growing season as a result of increasing temperatures in spring, a reduction of the evaporative demand as a result of the diminishing global radiation, or a combination of these two (Supit et al. 2010) . Pan evaporation depends on the water surface temperature and energy balance between the evaporation pan, water and the atmosphere. If the humidity does not change, increasing water temperature should increase evaporation. If the humidity increases, it will partially offset the impact of higher temperature on the evaporation. Evapotranspiration also depends on these factors, but it also depends on biological factors such as plant growth, canopy structure and stomatal responses to the environment.
Small changes in evapotranspiration can have important consequences in arid climates. For example, Goyal (2004) reported that a 1% temperature increase could increase evapotranspiration by 12.69% in arid regions of Rajasthan, India, where the annual rainfall varies from 100 to 400 mm and mean temperature varies by about 25°C. According to Anderson et al. (2008) , an evapotranspiration increase of 18.7% resulted from a 3°C rise in air temperature in California with an annual average precipitation of 640 mm and mean temperature about 15°C. At the end of the 1980s, Martin et al. (1989) and Rosenberg et al. (1989) reported an increase in evapotranspiration over grassland of 17% with an air temperature increase of 3°C based on measurements taken during summer in northeastern Kansas with temperatures ranging between 24 and 35°C.
Under the A1B scenario, the annual mean warming from 1980-1999 to 2080-2099 will vary from 2.2 to 5.1°C in southern Europe and the Mediterranean region (Christensen et al. 2007 ). According to Räisänen et al. (2004) , future warming will be largest during northern European winters and southern European summers. Increased precipitation is expected in northern European winters, and decreased precipitation is anticipated in southern European summers.
An increase in CO 2 can lead to the closing of plant stomata, thereby increasing the resistance of the vapour flow through the transpiring plant and evaporating soil surface (canopy or surface resistance, respectively) and reduced evapotranspiration rates (Long et al. 2004 ). Higher temperatures can increase growth rates and shorten growing seasons of annual crops. In some cases, this can impact the seasonal evapotranspiration, e.g. a 4% decrease in seasonal total evapotranspiration for rice was observed for each l°C increase in air temperature owing to a shorter growing season (Mahmood 1997) . One common feature of regional climate change scenarios is their anticipation of drier summers over continental Europe (Giorgi et al. 2001 , Rowell & Jones 2006 . Along with the resulting higher surface heating, drier weather could lead to more water stress and higher demand for water resources (Fink et al. 2004) .
The objective of the present study was to estimate changes in reference evapotranspiration (ET o ) by the end of the 21st century in Spain as a consequence of climate change using the standardized PenmanMonteith ET o equation (Allen et al. 1998 (Allen et al. , 2006 . Possible changes in temperature and humidity were evaluated; changes in wind speed, radiation and canopy resistance were not considered.
DATA AND METHODS

Study area and climate
The Iberian Peninsula is located between the meridians 9°W and 3°E, and the parallels 36°N and 43°50' N. Spain has a mostly Mediterranean climate, which is characterized by a dry and hot summer and high rainfall and mild temperatures in the winter. Seasons vary greatly across the country. The southeast is characterized by a 5 to 7 mo dry season and the northwest and north have dry seasons of < 3 mo (Rana & Katerji 2000) . Without irrigation, the water balance is extremely unfavorable for spring and summer crops in the southeast.
Climate data
Climatological data used in the present study can be divided in 2 groups: those used to identify the scenarios and those used to simulate the scenarios. In the former, 38 stations with complete data sets for the period 1973 to 2002 were used. For these stations, the maximum and minimum temperatures and maximum and minimum humidities, as well as trends in temperature and humidity, were analyzed for each river basin (Fig. 1, Table 1 ). Simulations were not performed for those stations where the scenarios were obtained, because the number of these was very small, and, at the majority of stations, the necessary sensors for the calculations of daily ET o were not available. Simulations were applied to daily data from 338 stations of agro-meteorological networks (Sistema de información para el Regadío [SIAR] ). These stations cover most of Spain (Fig. 1, Table 1 ). Data from each station included measurements of solar global radiation (pyranometer, SKYE SP1110); air temperature (T a ) and relative humidity (RH; HMP45C, Vaisala); wind speed (u) and wind direction (anemometer and wind vane, RM Young 05103); and precipitation (ARG100 rain gauge). Sensors were periodically maintained and calibrated, and all data were recorded and averaged hourly on a data logger (CR10X, Campbell). Both hourly and daily climate data were archived by SIAR. The agrometeorological network SIAR was created in 1998, and has been widened in subsequent years, and has existed in its current form since 2001 (MARM 2010 
Calculations
To create the different scenarios, we calculated the linear annual trends in maximum temperature, minimum temperature, maximum relative humidity and minimum relative humidity for each of the river basins during the period . Following this, we calculated the standard deviations for the 95% confidence interval (CI) trends and posed the following 4 scenarios: Scenario 0, increases in the average trends of maximum and minimum temperatures for each river basin; Scenario 1, increases in the average trends of maximum and minimum temperatures and humidities for each river basin; Scenario 2, increases in the maximum trends (within the 95% CI) for the maximum and minimum temperatures and maximum and minimum humidities for each river basin; and Scenario 3, increases in the minimum trends (within the 95% CI) for the maximum and minimum temperatures and maximum and minimum humidities for each river basin.
Daily data for 2007 were used to calculate ET o , which was estimated using the Penman-Monteith equation (Allen et al. 1998 (Allen et al. , 2006 : (1) where ET o is reference evapotranspiration (mm d Saturation vapour pressure for a day was estimated using the equation: (3) where T max and T min are the daily maximum and minimum air temperatures (°C), respectively.
Actual vapour pressure was estimated using the following equation: (4) where HR max and HR min are the daily maximum and minimum relative humidities (%), respectively.
A simple Excel application called Estimation de la Evapotranspiracion en España (EEEs) was developed to estimate the ET o in Spain under different future situations. Using the daily data from 338 stations and Eq. (1), ET o was estimated for 2007 and for the 4 different scenarios. Maps of these data were generated using the Surfer ® 8 program.
RESULTS
Calculating the scenarios
Linear trends in changes in maximum and minimum temperature, and maximum and minimum relative humidity for the period 1973-2002 are presented in Table 2 . In all river basins, average increases in maximum temperature ranged from + 0.32°C decade -1 (Segura) to + 0.71°C decade -1 (Ebro). Average increases in minimum temperature ranged from + 0.28°C decade -1 (Ebro) to + 0.72°C decade -1 (Segura). For maximum relative humidity, all the average increments were negative, with the greatest decreases in the Inner Catalonia river basin (-3.6% decade -1 ), compared with decreases of -0.1% decade -1 in the North river basin. Minimum relative humidity decreased for all river basins except Segura, which had positive increments of + 0.3% decade -1 . The strongest decrease in minimum relative humidity was found in the Ebro river basin, with a decrease of -3.7% decade -1 . Table 3 shows the scenarios given for the estimation of evapotranspiration at the end of the 21st century in accordance with Table 2 . In these 4 scenarios, we consider the most and least unfavorable situations for each of the river basins, as well as intermediate situations.
Scenario 0 is the consequence of an increase in average temperature, without taking into account the variations in relative air humidity. Scenario 1 is the most probable, as we consider the average values of the tendencies for the 4 chosen variables. Scenario 2 takes the greatest extremes of the CI of the slope estimator with CI of 95%, i.e. the increments of the highest temperatures and most negative relative humidity values. In this scenario, the highest ET o increment values will be registered. Scenario 3 takes the smallest extremes of the CI of the slope estimator with CI of 95%, i.e. the increments of the lowest temperatures and least negative relative humidity values. In this scenario, the lowest ET o increment values will be registered.
Characterization of national evapotranspiration
Spain is a country of great climatic heterogeneity and changing temperature and humidity impacts on ET o could vary widely, depending on the climatic region. The average ET o in 2007 for the 338 stations was 1196 mm (Fig. 2a) . The minimum ET o values were observed in northwestern Spain (753 mm) and the maximum values occurred in the Guadalquivir valley, where the mean was close to 1759 mm.
Precipitation was irregularly distributed, reaching average values ranging from 1600 mm in the northwest to 250 mm in the southeast.
In terms of annual accumulated precipitation, 2007 was somewhat dry for the entire Spanish peninsula, with an average estimated precipitation of 608 mm compared with 650 mm for the reference period 1971-2000. Precipitation values for 2007 were normal in the Mediterranean region, with an estimated average precipitation of 575 mm, and somewhat dry in the Atlantic (629 mm).
Considering all 4 scenarios, the greatest annual change in the increment of ET o was 616 mm in Scenario 2 for the Ebro River basin, and the lowest was 52 mm for Scenario 3 for the Segura River Basin (Fig. 2) . Scenario 2 was the most unfavorable for Spain, due to the greater water need.
In Scenario 2, the greatest increase and difference in ET o observed between different river basins was 400 mm (Fig. 2d -one river basin with 700 mm and another with 300 mm, approx.). Scenario 3 presented the least variability compared to the current situation, with an annual average increase in ET o of 80 mm. In all of the given scenarios, the river basin most affected by the changes was the Ebro River basin, which always showed increases of >100 mm. Table 4 shows the monthly ET o data and the corresponding increases in ET o for the given scenarios (see Table 3 ). The most affected months were May, June, July and August, while November, December and January were the least affected by the climate change.
Scenarios 0, 1, 2 and 3 and resulted in increases in ET o of 11% (128 mm . In relative terms, the winter months showed the greatest relative increase. May had the highest absolute increase in ET o , but July had the highest overall mean ET o rate. The summer months had the highest water needs, e.g. 45% of the annual ET o occurred in June, July and August. July had the highest mean annual ET o at 189 mm, which represents 16% of the annual ET o . Because the greatest water need for crops occurs in July, any changes in the monthly ET o rate could affect the distribution and/or sizing of the irrigation system. Fig. 3 shows the increases in ET o that will occur in Spain as a consequence of the 4 scenarios presented for the month of January, and Fig. 4 shows these increases for July.
A greater increase in ET o in January takes place in northern Spain compared with southern Spain (Fig. 3) . The most vulnerable areas are the Ebro River valley, some points on the coast of the Cantabrian Sea and the south of Spain. In Scenarios 0 and 3, values of ET o are reached with increases close to zero (Fig. 3b,e) , which will not affect the current ET o situation for January. Scenario 2 resulted in ET o increments near 40 mm in the Ebro River valley, whereas in the majority of the peninsula increments were near 20 mm (Fig. 3d) .
Like January (Fig. 3) , the area most vulnerable to climate change impacts on ET o during July is northern Spain (Fig. 4) , particularly the Ebro River valley. The increments in ET o for this month fluctuated from 78 mm for the Ebro River valley in Scenario 2 (Fig. 4d) to near zero for the Segura River basin in Scenario 3 (Fig. 4e) . Fig. 5 shows the relationship between the current (actual, ET oaa ) and future (ET oaf ) annual ET o for the various scenarios for all 338 stations. In all cases, ET oaf was greater than ET oaa , and the slope of the regression between ET oaa and ET oaf was >1. In Scenario 0, a 1.00 mm increase in ET oaa resulted in a 1.107 mm increase in ET oaf , whereas in Scenario 2 a 1.00 mm increase in ET oaa resulted in a 1.36 mm increase in ET oaf . For the most probable future scenario (Scenario 1), there was an annual increase of 21% in ET o .
Characterization of river basin evapotranspiration
Spain divides into 11 major river basins. The Ebro River basin had the greatest annual increase in ET o in Scenarios 0 (215 mm), 1 (373 mm) and 2 (619 mm). This river basin was least affected by Scenario 3. The Guadiana River basin was most affected by Scenario 3 (168 mm). The Segura River basin was least affected by Scenarios 0, 1 and 3, with an annual change of + 75, + 96 and -52 mm, respectively. The Northern River basin was least affected by the change in Scenario 2 (213 mm). Table 5 displays the monthly ET o for each river basin. The river basin with the greatest ET o is the Guadalquivir (1309 mm). For all river basins, the month with the greatest ET o is July, with values ranging from 126 to 220 mm.
The months most affected by the increase in ET o for all scenarios were May, June and July in all river basins. The months least affected by these changes were November, December and January, depending on the river basin and the scenario.
Future monthly ET o (ET omf ) was estimated using a linear adjustment between the current monthly ET o (ET oma ) and the ET omf (Table 6 ). The Northern River basin is not shown in the results because of the low number of stations. The Inner Catalonia River basin is also not shown because there were no stations for the simulation scenarios. In Scenario 2, the monthly increase in ET o ranged from ~10 to 25%, whereas in Scenario 3, the increase ranged from ~0 to 7%. was the most susceptible to climate change resulting from Scenarios 0, 1 and 2, with a monthly increase in ET o of 12, 17 and 25%, respectively. For Scenario 3, the increase in ET o ranged from 0 to 7% for all river basins.
DISCUSSION
Some authors have reported that evapotranspiration over grassland increased by 17% with air temperature increases of 3°C ). However, the present study showed that the increase in evapotranspiration due to temperature rise can be offset with increasing humidity. The increase in maximum and minimum temperatures that will occur in Spain at the end of the 21st century according to the trend of the 1973-2002 period will be in increments of between 0.3 and 0.7°C decade . Del Rio et al. (2007) showed trends lower than those observed in the present study in the Duero River basin, with increments in maximum and minimum temperature of 0.2°C decade -1 for the 1961-1997 period. However, when this period is compared with that of the present study , this tendency increases (Brunet et al. 2007 ).
There is controversy with respect to changes in atmospheric humidity as a consequence of climate change, although the majority of authors suggest that relative humidity will remain more or less constant. According to Szilagyi et al. (2001) , although temperature has increased, the vapour pressure deficit has remained constant during recent decades. Authors such as Ross & Elliott (2001) , Soden et al. (2005) and Trenberth et al. (2007) have indicated that humidity will remain constant. Rowell & Jones (2006) suggested that, in the months of June through August, the relative humidity could diminish by 10 to 20% by the end of the 21st century. In our case, the trends in relative humidity are not as homogenous as trends in temperature, but we observed some downward trends in the average values of maximum and minimum relative humidities under 3% per decade, depending on the region (Table 2) . In many cases, the reduction in humidity is tied to a reduction in precipitation (Rowell & Jones 2006) . The regions of Spain that were the most susceptible to increasing ET o were the Ebro River basin (Figs. 2, 3 & 4) and some areas on the southern coast. In general, the Segura River basin had ET o increments lower than in other river basins. This is because the upward trends in temperature and relative humidity were lower due to the location of the 3 stations used, which were very close to one another and to the sea.
To explain how the different scenarios affect each river basin, we first analysed the individual contribution of the different climate variables to the ET o value, and considered simulations in which only the analysed variable changed and the others were held constant (Fig. 6) reduction in VPD and reduced ET o . With the given scenarios, which modify the temperature and relative humidity, the adiabatic component was the most affected and, if the wind velocities are also elevated, these increases are even greater, in the case of the Ebro River basin. Table 7 shows the annual daily averages of the different climate variables, which explain the behavior of the river basins as a result of the different climate change scenarios. The Ebro River basin had the greatest wind speed, which explains its susceptibility to scenarios.
The months most affected by the scenarios are May, June, July and August. In these months, the ET od is higher due to radiation. In May and March, many meteorological stations experience their highest wind speeds.
CONCLUSIONS
Generally, the annual ET o at the end of the 21st century will likely increase, but the impact on ET o depends on the magnitude of change in air temperature and relative humidity. Considering the average trends of the different river basins, we can affirm that the annual increase in ET o in Spain is 257 mm, an increase of 21%. These increases in ET o can fluctuate between 80 and 430 mm, depending on the scenarios. The biggest increase will be in regions which have strong winds, e.g. the Ebro River valley and some points on the southern coast of Spain. The increases will be more noticeable in the months of May, June, July and August, with increases of < 80 mm mo -1 under the most unfavorable conditions (greatest increase in ET o , Scenario 2). December, January and February will have increases < 30 mm mo -1 under the most unfavorable conditions (greatest increase in ET o , Scenario 2).
It is projected that precipitation in Spain will decrease by 30% in the south and 5% in the north (Rodriguez-Puebla & Nieto 2009). From a water management point of view, considering that the most decisive factors in agricultural water management are evapotranspiration and precipitation, the reduced precipitation and higher evapotranspiration could aggravate water problems in Spain. 
